ABSTRACT The incidence and prevalence of autoimmune pulmonary alveolar proteinosis in Japan were previously estimated to be 0.49 and 6.2 per million, respectively. Thereafter, an increase in serological diagnosis forced a re-estimation of the incidence based on more contemporaneous data using more robust methods.
Introduction
Pulmonary alveolar proteinosis is characterised by the abnormal accumulation of surfactant in the alveoli and terminal bronchioli, resulting in varying degrees of hypoxaemic respiratory insufficiency [1, 2] . Acquired pulmonary alveolar proteinosis is a syndrome consisting of two distinct diseases that can be grouped into disorders affecting surfactant clearance or surfactant production. It can be further subdivided into primary pulmonary alveolar proteinosis, which is caused by the disruption of granulocyte-macrophage colony-stimulating factor (GM-CSF) signalling and results in functional defects in alveolar macrophages and neutrophils, and secondary pulmonary alveolar proteinosis, which is caused by the presence of another underlying disease [3] .
The discovery of GM-CSF autoantibody (GMAb) in idiopathic pulmonary alveolar proteinosis patients in 1999 [4] promoted world-wide interest in this disease, which led to shifts in our understanding and to the development of the current concepts of pulmonary alveolar proteinosis. This in turn led to the disease becoming known as autoimmune pulmonary alveolar proteinosis (APAP) [5, 6] . APAP is the most studied subgroup of pulmonary alveolar proteinosis and accounts for more than 90% of cases. Our previous national pulmonary alveolar proteinosis registry study [6] reported 223 patients with APAP between 1999 and 2006.
In studies based on national APAP registry data for 1999-2006 [6] we estimated the minimum incidence and prevalence to be 0.49 and 6.2 per million, respectively, as evaluated using two approaches. Approach one encompassed nine non-overlapping regions representing the entirety of Japan and approached two focussed on Niigata Prefecture. Since then we have continued to collect and measure the GMAb concentration of sera from across Japan. As the use of GMAb in diagnosing APAP became more prevalent, the number of cases increased, reaching 80-100 cases annually and 872 cases cumulatively by the end of 2016. We therefore realised that the initial incidence and prevalence rates were underestimates. In the present study, we re-evaluate the incidence and prevalence of APAP based on contemporary data using a more robust epidemiological method.
Based on probability theory and statistics, the incidence of APAP is expected to follow a Poisson distribution. The Poisson distribution reflects the probability of a certain number of disease onsets when the population is large but the likelihood of disease onset is low [7] [8] [9] [10] . Importantly, the mean and variance of the Poisson distribution are equal and the distribution is based on only one parameter [7] [8] [9] [10] . This parameter is estimated from the number of onsets observed, without the need for any supplementary information from survey targets [7] [8] [9] [10] .
Therefore, to estimate incidence we applied a Poisson distribution to the number of cases diagnosed annually in Niigata Prefecture, where an active survey was conducted from 2006 to 2016. In addition, to estimate prevalence we investigated the prognosis of 103 cases retrospectively and calculated the mean survival period.
Methods

Study design and patients
Subjects enroled in this study consisted of three groups, group A, group B and group C (figure 1). Since 1999, autoantibody concentrations in sera from across Japan have been measured centrally at the Bioscience Medical Research Center in Niigata University Hospital [11] . By the end of 2016, a total of 952 Japanese cases diagnosed as pulmonary alveolar proteinosis by bronchoalveolar lavage (BAL) or lung biopsy had undergone serological diagnosis and, of these, 872 (91.6%) were positive for GMAb. In the present study we focused on 702 of these cases whose sera were sent to us between 2006 and 2016 (group A). In applying the serological diagnosis we asked the treating doctors to provide the following patient information: age, gender, registration date and name of hospital visited. We then created a nationwide database of cases based on this information. During the same period we conducted an active survey of serological screenings in Niigata Prefecture, making use of personal relationships and communication methods such as phone calls, emails and letters between regional pulmonary physicians, 98% of whom had received their training at Niigata University. Forty-three patients were enrolled by this survey (group B) and group B was thus completely a subset of group A (albeit consisting of cases collected entirely in Niigata prefecture).
To estimate the patient survival period, we enroled all the cases who had ever been diagnosed at Tohoku (n=38), Niigata (n=47) and Kyorin (n=18) University Hospitals, located approximately 350 km from each other (group C). Thirty-nine cases in group B belonged to group C, 84 cases in group C belonged to group A and 19 cases in group C did not belong to group A. We collected the following data for each patient: date of GMAb measurement, GMAb level, age at diagnosis, gender, smoking status, dust exposure, disease severity, symptoms, complications, pulmonary function measures (e.g. arterial oxygen tension (PaO 2 ) and alveolar-arterial oxygen tension difference (PA-aO 2 , alveolar-arterial oxygen gradient)), serum biomarkers (e.g. mucin-like glycoprotein (KL-6) and lactate dehydrogenase (LDH)), survival time to death due to APAP, spontaneous improvement, improvement as a result of treatment and worsening since serological diagnosis. These data were then collated into a database. The study was approved by the Institutional Review Boards of Niigata, Tohoku and Kyorin Universities. All pulmonary physicians agreed to collaborate with us and patient data were anonymised in a linkable manner.
Included patients APAP diagnosis was based on cytological analysis of bronchoalveolar lavage fluid (BALF) or pulmonary histopathological findings, including both high-resolution computed tomography (HRCT) appearance and positive serum GMAb levels (⩾1.0 μg·mL −1 ) [12] .
Excluded patients
Individuals were excluded if they did not have a pathologically proven diagnosis of pulmonary alveolar proteinosis or if serum was unavailable for the analysis of GMAb levels.
Disease severity score Disease severity score (DSS) was based on the presence of symptoms and the degree of reduction in PaO 2 as recorded at registration, the latter being determined while the subject was breathing room air in the supine position, as described previously [6] .
Evaluation of prognosis Death due to APAP was recorded by the treating physicians during the follow-up period. All patient prognostic records were collected by the end of June 2017.
GMAb measurement
Serum samples from each participant were stored at −80°C and the GMAb concentration was measured using ELISA, as reported previously [13] .
Serum biomarker measurements Serum KL-6 was measured using ELISA with commercial kits (ED046, Eizai, Tokyo, Japan), as described previously [14, 15] .
Statistical analysis
The databases included both continuous and qualitative variables. Relationships between continuous variables were determined using Spearman's rank correlation coefficient (ρ). Assuming that the number of Registration periods 2017 FIGURE 1 Venn diagram for the subjects enroled in this study. Sera from all subjects were sent to Niigata University Hospital and were judged to be positive for the granulocyte-macrophage colony-stimulating factor autoantibody. Group A consisted of 702 cases whose sera were sent from across Japan between 2006 and 2016. Of this group, 43 cases enroled in Niigata prefecture between 2006 and 2016 were assigned to group B (which was thus entirely a subset of group A and consisted only of cases collected by an active survey in Niigata prefecture). Group C consisted of 103 cases who were diagnosed at Tohoku (n=38), Niigata (n=47) and Kyorin (n=18) University Hospitals, respectively and enroled between 1999 and 2017. Thirty-nine cases in group B belonged to group C, 84 cases in group C belonged to group A and 19 cases in group C did not belong to group A.
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events followed a Poisson distribution, the average number of events in an interval was designated λ (the parameter defining the Poisson distribution) to calculate the mean [7] . The standard error is the square root of the value obtained by dividing λ by the number of events [7] . For the Kaplan-Meier analysis, we used the restricted mean survival time (RMST) method [16] [17] [18] [19] [20] . A bootstrap approach with iteration times of 400 was used to assess the validity of our estimation for the parameters. Additional details concerning the statistical analysis are provided in the supplementary material.
Results
Between 2006 and 2016, 702 cases from across Japan were diagnosed with APAP (group A). The hospitals that sent sera from these cases to us for GMAb measurement were mainly located in big cities and were distributed from the subarctic to the subtropical parts of the country, indicating that the occurrence of this disease was unrelated to climate and soil conditions (figure 2a). This was further confirmed by the strong correlation between the number of patients and the population of each prefecture (ρ=0.815, p<0.001; figure 2b ). The only exception was Niigata Prefecture, where we conducted an active serological screening survey that capitalised on personal relationships and communication between regional pulmonary physicians, 98% of whom had trained at Niigata University (group B).
Niigata Prefecture is located close to the center of Japan (figure 2a), has an annual population of 2.35 million (approximately 1.9% of the total population of Japan) and enroled 43 patients diagnosed with APAP into the study as group B ( The total number of patients in group A increased between 2006 and 2016 despite the slight decrease in the Japanese population. The slope for the mean number of patients, as determined using a linear mixed-effect model, was 0.123 ( p<0.001, figure 3a) . In contrast, the number of registered patients in group B fluctuated annually by between zero and nine patients per year, appearing mostly unchanged and the slope for the mean number of patients in Niigata Prefecture (as determined using the mixed-effect model) was −0.336 ( p=0.207, figure 3b ). The former slope was significantly larger than the latter slope ( p=0.025). These data suggest that the ability to collect patient serum samples for group A screening improved during the 11-year survey period, but the collection and registration in group B seemed to be saturated during the same period.
The number of patients followed the Poisson distribution ( p=0.987, as determined using a goodness-of-fit test) and the Poisson parameter was estimated to be 3.9 (95% CI 1.5-10.2) (figure 4). Using the bootstrap To estimate the prevalence of APAP in Japan based on this incidence rate, we first had to determine the survival period. To do this we used the 103 cases from group C (Tohoku (n=38), Niigata (n=47) and Kyorin (n=18) University Hospitals) for which we had more detailed information and determined the survival of each patient retrospectively from information provided by their primary care doctors. The demographic data for the registered patients at the time of their GMAb measurements are shown in table 2 and table 3 . The 2-year, 5-year and 11-year survival rates were 99.1%, 97.7% and 86.2%, respectively, and the RMST was 16.1 years (95% CI 15.1-17.1) as determined using the Kaplan-Meier method (figure 5a). By the bootstrap method, in the case that the truncation time point from diagnosis was set to the longest observed period (210 months), the RMST of the 103 APAP cases was verified to be approximately 16 years (95% CI 13-17) (supplementary figure S2 and supplementary table S2 ). From 1999 to 2017, seven patients died of APAP and one died from unknown causes. At the present time, a complete cure for this disease has yet to be defined.
If we exclude the possibility of a complete cure for APAP, the average disease duration should be equal to the average survival period. We therefore calculated APAP prevalence using the following equation: prevalence rate=incidence rate per time period×average disease duration (=0.00000165×16.1=0.0000266) [21] [22] [23] . This resulted in an estimate of nationwide disease prevalence of 26.6 per million (95% CI 9−73). : newly registered patients were those whose serum was newly diagnosed as positive for granulocyte-macrophage colony-stimulating factor autoantibody. With the recent stabilisation of the Japanese population at 125 million [24] , we expect approximately 3300 current cases of APAP, with 211 new cases occurring annually (table 4) . This survey has thus revealed that both incidence and prevalence are far higher than previously reported by both ourselves [6] and by others [25] .
To determine the factors affecting patient survival, we used a log-rank test to compare the differences in cumulative rates between two or more groups. Using univariate analysis, the probability of death was significantly associated with binary variables for age at diagnosis, arterial carbon dioxide tension (PaCO 2 ), PA-aO 2 , arterial oxygen saturation measured by pulse oximetry (SpO 2 ), % predicted diffusing capacity of the lung for carbon monoxide (DLCO), KL-6 and LDH, dichotomised at the medians respectively. According to our forward stepwise multivariate analysis, only % predicted DLCO was an independent effect. The probability of death due to APAP significantly increased when % predicted DLCO was less than the median (=75.8%) at diagnosis ( p=0.014, figure 5b).
Discussion
Based on the 702 registry data points for GMAb measurements conducted in our laboratory from 2006 to 2016, we initially estimated the incidence of APAP at 1.65 per million, based on the distribution data for patients in group A and the Poisson distribution applied to the annual number of patients in group B for the same time period. We then performed a retrospective cohort study in group C consisting of 103 IQR: interquartile range; GMAb: granulocyte-macrophage colony-stimulating factor autoantibody; PaO 2 : arterial oxygen tension; PaCO 2 : arterial carbon dioxide tension; PA-aO 2 : alveolar-arterial oxygen tension difference (alveolar-arterial oxygen gradient); SpO2: arterial oxygen saturation measured by pulse oximetry; VC: vital capacity; FVC: forced vital capacity; DLCO: diffusing capacity of the lung for carbon monoxide; VA: alveolar volume; KL-6: mucin-like glycoprotein; LDH: lactate dehydrogenase. patients who were registered at three hospitals between 1999 and 2017 in order to estimate the average survival duration (16.1 years). Excluding the possibility of a complete cure for APAP, we arrived at approximately 3300 cases in Japan. Considering that our cumulative total for GMAb-positive cases since 1999 exceeded 1000 and that not all primary care doctors requested GMAb measurements (either because of the cost or various other reasons), we feel that the present epidemiological estimate is quite reasonable. Therefore, the previous estimates of incidence and prevalence (0.49 and 6.2 per million, respectively [6] , are underestimates and should be revised.
We showed previously that there is a close correlation between the number of patients and the population size for each region [6] . The present study confirms the existence of this correlation at the prefecture level, but strongly suggests that there is no regional integration of the onset of APAP. Furthermore, the detection force was similar among prefectures, which also means that we can estimate the nationwide incidence by estimating the incidence in a given prefecture. The fact that the annual number of registrations for serum GMAb testing in group A increased through the study period suggests that the nationwide level of detection must have been improving, with the exception of group B, for the following reasons. First, the number in group A diagnosed serologically increased during 2006-2016, while the number in group B was stable (table 1 and figure 3 ). Secondly, the point incidence of APAP was much larger in group B than in group A (figure 2b). Thirdly, the Department of Pulmonary Medicine at Niigata University conducted an active survey of pulmonary alveolar proteinosis, taking advantage of personal relationships and communication among 200 regional pulmonary physicians, 98% of whom had received their training at Niigata University. We were therefore able to perform near-perfect screening of APAP in Niigata Prefecture. Together, these facts suggest that it makes sense to focus on the annual number of group B.
In addition, the discovery that the annual number of group B follows the Poisson distribution makes our estimate of the incidence of APAP more persuasive. This means that the probability of any given number of APAP onsets occurring in group B during one year was constant and independent of the amount of time since the last onset. The high probability that the goodness-of-fit test indicated for the Poisson distribution ( p=0.987) indicated that using this distribution to estimate APAP incidence was appropriate. The combined conditions of APAP being a rare condition and the population being relatively large (2.35 million) met the requirements for applying the Poisson distribution. A number of other rare-disease studies have also used this distribution to assess incidence and prevalence. For example, GUIDETTI et al. [26] used it to report the incidence and prevalence rates of myasthenia gravis (1980-1994, n=49) . BAMBHA et al. [27] reported the incidence and prevalence of primary sclerosing cholangitis in a United States community (1976-2000, n=22) , assuming that the number of cases followed a Poisson distribution. However, the usefulness and reliability of fitting the probability of disease onset to the Poisson distribution has not previously been evaluated.
The previous national registry study estimated disease prevalence using an interval estimation method (i.e. the total number of patients registered during 1999-2006 was divided by the mean total Japanese population for that period). MCCARTHY et al. [28] recently used the interval method to estimate the prevalence of pulmonary alveolar proteinosis to be 6.87±0.33 per million for the general population of the United States. They utilised a large health-insurance claims database containing comprehensive data for approximately 15 million patients in the US over a 15-year period. With the interval estimation method, an insufficient detection force combined with the disease duration exceeding the observation period would result in an underestimated prevalence. In both our previous study and the US study, the detection force must have been insufficient because the GMAb measurement was not generally known by pulmonary doctors in the former and was not performed at all in the latter.
In group C, we assumed that APAP cannot be completely cured (i.e. the mean disease duration is equal to the mean survival time). Despite this, some patients did appear to be cured based on chest computed tomography (CT) scan, arterial blood gas analysis, or serum markers. However, the definition of "cure" has not gained consensus among pulmonary physicians. In addition, the observations of several patients were censored during the present retrospective cohort study. However, the RMST method enabled us to estimate the mean survival period of all 103 patients despite this situation [16] [17] [18] [19] [20] . Our prevalence estimate of 22.6 per million may therefore have to be revised in the future, when the disease duration can be estimated more accurately.
In the present retrospective cohort study of group C, we recorded seven deaths due to exacerbation of APAP. A univariate analysis applied to the Kaplan-Meier survival curve showed that the probability of death was significantly associated with age at diagnosis, PaCO 2 , PA-aO 2 , SpO 2 , KL-6, LDH and % predicted DLCO. However, a forward stepwise multivariate analysis revealed that only % predicted DLCO affected prognosis independently. Surprisingly, all seven patients who died had a % predicted DLCO of <75.8% at GMAb testing. In future, to minimise the censoring of patient observation, a prospective cohort study is essential for the accurate prognosis of APAP and identification of the risk factors for exacerbation.
In conclusion, based on this study we have revised our own epidemiological knowledge of APAP in Japan. In this regard, we applied a more robust methodology to our GMAb test database. We believe that the updated incidence and prevalence (1.65 and 22.6 per million, respectively) will contribute to patient care, drug development and the administration of rare diseases.
